Introduction
Frequency-dependent changes in the force of contraction have been reported both in situ (Lendrum, Boyd & Katz, 1960) and in isolated tissue preparations (Blinks & Koch-Weser, 1961; Katzung & Scheider, 1957) . Striking similarities between the positive inotropic effect produced by cardiac glycosides and that produced by changes in the frequency of contraction have also been demonstrated. Thus, as with cardiac glycosides, an increase in frequency of stimulation has been reported to produce an increase in the rate of tension development and a reduction in time to peak tension (Abbot & Mommerts, 1959; Blinks & Koch-Weser, 1961; Koch-Weser, 1963; Reiter & Strickel, 1968) . Since it has been suggested that cardiac glycosides produce their positive inotropic effect by inhibiting Mg 2+ -dependent Na+-K+-stimulated membrane adenosinetriphosphatase (ATPase) (Prasad & Callaghan, 1969; Akera, Larsen & Brody, 1970; Besch, Allen, Glick & Schwartz, 1970; Prasad, 1970; 1972; 1974; 1975) , it is possible that the positive inotropic effect of increasing the frequency of stimulation might be mediated through an inhibition of the membrane ATPase of the myocardium. If the increase in the force of contraction is related to the inhibition ofNa+-K+-ATPase, the possibility exists that this inhibition of Na+-K+-ATPase is frequencydependent. Indeed preliminary data of Prasad & Kidwai (1974) do indicate that this may be so.
It was therefore decided to study in detail, the effects of frequency of stimulation on Mg2+-dependent Na+-K+-stimulated sarcolemmal ATPase of isolated membrane fraction from the dog ventricle.
Methods
Dogs of either sex weighing between 16-20 kg were anaesthetized with pentobarbitone sodium 35 mg/kg intravenously. The chest was opened through the left fifth intercostal space and the heart was exposed. The pericardium was removed and 5 to 10 g of the left or right ventricle was removed and placed in a cold (40C) 0.25 M sucrose solution prepared in glass distilled water. Relatively pure sarcolemma from cardiac muscle was prepared by the method of Kidwai, Radcliffe, Duchon & Daniel (1971) and the Mg2+-dependent Na+-K+stimulated ATPase was determined. Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) . Protein determinations were performed before ATPase activity measurements so that equivalent amounts of protein could be used for study. The total volume of enzyme assay system was 1.0 ml and contained For electrical stimulation of the isolated sarcolemmal fraction, the reaction mixture without ATP was placed in a special tube, fitted at the base with platinum electrodes such that both the electrodes were submerged in the mixture medium. The electrodes were connected to the Grass Model SD9 stimulator for stimulation of the mixture media at different frequencies. The tubes containing reaction mixture were placed in the constant temperature water bath (Dubnoff Metabolic Shaking Incubator) at 37°C. The mixtures were incubated at 370C and were stimulated at various frequencies and voltages for various times. Addition of the ATP to and stimulation of the mixtures were carried out simultaneously. The stimulation of the mixture was carried out at four different frequencies (0.25, 0.5, 1.0 and 2.0 Hz) and stimulus strength of 0.5, 1 and 10 V each for a period of 2, 5, 10 and 15 minutes. The duration of each impulse was 5 ms in all cases. At the end of the experiment the reaction was terminated by addition of 1 ml of 10% trichloracetic acid (TCA).
Trabeculae carnae or papillary muscles were removed from the right or left ventricle of the same dog from which the muscles were removed for isolation of membrane fraction. The set-up for recording the contractility of the muscle was the same as used by Prasad (1975) . The thickness of the muscles used in this experiment was such that there was no central core of hypoxia.
Results

Stimulation frequency and ATPase
Experiments were conducted in which reaction mixtures containing sarcolemmal fraction incubated at 370C were stimulated at frequencies of 0, 0.25, 0.5, 1.0 or 2.0 Hz with a stimulus strength of 0.5 V for a duration of 2 min and the sarcolemmal ATPase was determined for each frequency of stimulation. The results are summarized in Figure 1 . The sarcolemmal ATPase for the unstimulated fraction incubated for 2 min was found to be 13.39 + 0.9 gmol mg-I protein h-'. The sarcolemmal ATPase was found to be inhibited at all frequencies of stimulation, the inhibition being directly proportional to the rate of stimulation from 0 to 1.0 Hz. A further increase in the frequency of stimulation to 2.0 Hz did not produce any further inhibition of sarcolemmal ATPase, on the other hand there was a tendency for a decrease in the inhibition.
Stimulation frequency and contractile force
In five experiments the trabecular muscles were stimulated at various frequencies (0.5, 1.0, 1.5 or 2.0 Hz) for various lengths of time (2, 5, 10 or 15 min) and the changes in the contractile force were recorded. Figure 2 is a representative recording from one trabecular muscle. It is apparent from the tracing that the increase in the contractile force was frequency- respectively for 2, 5, 10 and 15 min duration of incubation without stimulation. An increase in the duration of stimulation from 2 to 5 min caused an increased inhibition of ATPase at all frequencies. A further increase in the duration of stimulation caused less inhibition of ATPase than with a shorter duration. At 15 min, the ATPase activity tended to approach the control value. At a frequency of 2 Hz the inhibition of ATPase was less than that with lower frequencies. These results indicate that higher frequencies and longer duration, produced less inhibition of the sarcolemmal ATPase.
Stimulus strength and ATPase
The above results suggested that the heat produced by the increase in the frequency or duration of stimulation might produce less inhibition. If this is the case then an increase in the strength of stimulation at those frequencies and duration might produce more heat and hence would produce still less inhibition of ATPase. To test this assumption eight experiments were carried out in which reaction mixtures containing sarcolammal fraction were stimulated at various frequencies with a stimulus strength of 1 or 10 V for various durations and the sarcolemmal ATPase was determined in each case. The results are summarized ( Figure 4 ). This phasic change was associated with the off and on of the heater of the Dufnoff metabolic shaker. Stimulation of the reaction mixture at all frequencies and stimulus strength for all durations did not change the temperature. The phasic change in the temperature associated with the 'oft and 'on' of the heater of the Dufnoff Metabolic Shaker was present during the stimulation of the reaction mixture and this phasic change was never more than 0.440C. A typical tracing with maximum voltage (10 V) and frequency (2.0 Hz) for 15 min is shown in Figure 6 . It is thus apparent that the electrical stimulation of the reaction mixture in a temperature-controlled water bath did not produce any significant change in the temperature of the reaction mixture.
Discussion
The results indicate that there is a frequencydependent increase in the contractility and an inhibition of sarcolemmal Na+-K+-ATPase. However, an increase in the duration of stimulation or an increase in the strength of stimulus at different frequencies produced a decrease in the inhibition of sarcolemmal ATPase. Also the frequency-dependent increase in the contractility decreased when the duration of stimulation was increased. The increase in cardiac contractility with an increase in the frequency of stimulation is well known (Katzung, Rasin & Scheider, 1957; Lendrum, Feinberg, Boyd & Katz, 1960; Blinks & Koch-Weser, 1961) . The present results confirm our (Prasad & Kidwai, 1974) preliminary observation that electrical stimulation of isolated sarcolemmal fraction produces an inhibition of the sarcolemmal ATPase. The increase in the frequency from 0.25 to 0.5, 1.0, 1.5 or 2.0 produced an increase in the contractility that was inversely related to the rate of stimulation when the duration of stimulation was increased. Similarly the increase in the rate of stimulation produced an inhibition of the sarcolemmal Na+-K+-ATPase which was inversely related to the rate of stimulation when the duration of stimulation was increased. Thus it appears that the frequency-dependent increase in contractility might be related to an inhibition of the sarcolemmal Na+-K+-ATPase. (Charnock & Post, 1963; Emmelot & Bos, 1966) . However, the present results show that there was no significant change in temperature of the reaction mixture due to electrical stimulation possibly because of the controlled temperature water bath. At present no plausible explanation for less inhibition of Na+-K+-ATPase at higher frequencies or with prolonged stimulation or at higher voltages of stimulation can be offered. The question now arises how this inhibition of Na+-K+-ATPase would increase myocardial contractility. Several models have been proposed for ionic movement in cardiac muscle (Langer, 1971; Prasad, 1974) . These models suggest that sarcolemmal Na+-K+-ATPase is not only involved in the efflux and influx of Na+ and K+ but also in influx and efflux of Ca2+. An inhibition of sarcolemmal Na+-K+-ATPase has been suggested to increase Ca2+ influx (Prasad, 1970; 1974) . The present results indicate that there is a frequency-dependent inhibition of the sarcolemmal ATPase. This inhibition of ATPase would increase the Ca2+ influx and hence the contractility. Thus, the results suggest that frequency-dependent increase in contractility might be mediated through an inhibition of the sarcolemmal Na+-K+-ATPase. This work was supported by the Saskatchewan Heart Foundation.
